Thermal atomic layer etching (ALE) can be accomplished using sequential fluorination and ligandexchange reactions. HF has been a typical fluorination reactant. Various metal reactants have been used for ligand-exchange, such as Sn(acac) 2 , Al(CH 3 ) 3 , AlCl(CH 3 ) 2 , and SiCl 4 . This study explored TiCl 4 as a new metal chloride reactant for ligand-exchange. Thermal HfO 2 ALE using HF and TiCl 4 as the reactants was studied using in situ quartz crystal microbalance (QCM) measurements from 200 to 300°C. The HfO 2 films were etched linearly versus the number of HF and TiCl 4 reaction cycles. The sequential HF and TiCl 4 reactions were also self-limiting versus reactant exposure. The QCM studies observed a mass change per cycle (MCPC) of −10.2 ng/(cm 2 cycle) at 200°C and −56.4 ng/(cm 2 cycle) at 300°C. These MCPCs correspond to HfO 2 etch rates of 0.11 Å/cycle at 200°C and 0.59 Å/cycle at 300°C. To explore the selectivity of thermal ALE using HF and TiCl 4 as the reactants, spectroscopic ellipsometry (SE) measurements were also employed to survey the etching of various materials. The SE results revealed that HfO 2 and ZrO 2 were etched by HF and TiCl 4 . In contrast, Al 2 O 3 , SiO 2 , Si 3 N 4 , and TiN were not etched by HF and TiCl 4 . The etching selectivity can be explained by the reaction thermochemistry and the stability and volatility of the possible etch products. Al 2 O 3 can also serve as an etch stop for HfO 2 ALE. Published by the AVS.
I. INTRODUCTION
Atomic layer etching (ALE) can remove material based on sequential, self-limiting surface reactions. 1, 2 ALE is the reverse of atomic layer deposition (ALD). 3, 4 ALE can remove thin films with atomic layer control. Together, ALD and ALE can provide the processing techniques that are required for film growth and removal at the atomic level. This atomic scale control over the growth and removal of dielectric, semiconductor and conducting materials is needed for the fabrication of nanoscale devices. 5 ALE can be accomplished using both plasma and thermal methods. Plasma ALE techniques use ion-enhanced or energetic noble gas atom-enhanced surface reactions. 1, 2 During plasma ALE, a halogen or fluorocarbon film is typically adsorbed on the surface of the material. After halogen or fluorocarbon film adsorption, ion or noble gas atom bombardment is used to desorb halogen or carbon compounds that etch the material. 1 Using this approach, plasma ALE has been reported for Si, [6] [7] [8] Ge, 9 and various compound semiconductors. 10, 11 Plasma ALE has also been demonstrated for various oxides and nitrides, such as SiO 2 , 12, 13 Si 3 N 4 , 14, 15 and HfO 2 . 16, 17 Other plasma ALE studies have been performed on different carbon substrates. 18, 19 Thermal ALE techniques have also been demonstrated using sequential, self-limiting gas phase reactions. One thermal ALE approach utilizes fluorination and ligand-exchange reactions. 4, 20 HF has been used as the fluorination reactant that converts the metal compound to a metal fluoride. A variety of metal reactants have been employed for ligand-exchange, such as Sn(acac) 2 , Al(CH 3 ) 3 , AlCl(CH 3 ) 2 , and SiCl 4 . 21 The ligand-exchange reaction is able to volatilize the metal fluoride.
Thermal ALE using fluorination and ligand-exchange has been reported for a wide range of materials, including Al 2 O 3 , 20, [22] [23] [24] HfO 2 , 25 ZrO 2 , 21 AlF 3 , 26 and AlN. 27 Various conversion mechanisms for thermal ALE have also been developed that convert the surface layer of the initial material to a different material that can be removed by either fluorination to a volatile fluoride or fluorination and ligand-exchange. Thermal ALE using a conversion mechanism has been demonstrated for SiO 2 , 22 ZnO, 28 and WO 3 .
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Additional mechanisms for the thermal ALE of TiN (Ref. 30) and W (Ref. 31 ) are based on oxidation and then fluorination to a volatile fluoride. Oxidation can also be employed together with conversion and fluorination to a volatile fluoride for W ALE. 29 Oxidation can also be utilized together with thermal volatilization by organic reactants for Fe, Co, Pd, and Pt ALE. 32 Other thermal ALE mechanisms have been developed for TiO 2 ALE that are based on the temperature-dependent volatility of metal oxyfluorides and oxychlorides. 33 HfO 2 is a high k dielectric material that is employed as the gate oxide in metal oxide semiconductor field effect transistors (MOSFETs). 34 The HfO 2 films in the gate stack are typically grown using ALD. The HfO 2 -based gate oxide was initially employed at the 45 nm node in complementary MOSFETs. 35 HfO 2 is also used as the gate dielectric in FinFETs (Ref. 36 ) and can be utilized as the gate dielectric in nanowire transistors. 37 HfO 2 etching may be needed to reduce the thickness of the gate dielectric. 16 In addition, HfO 2 etching can also smooth the gate dielectric surface. Plasma HfO 2 ALE has been developed using chlorine adsorption on the HfO 2 substrate and then energetic Ar beams to desorb Cl-containing compounds. 16 Thermal HfO 2 ALE has also been demonstrated using fluorination and ligand-exchange reactions using HF and either Sn(acac) 2 The growth of HfO 2 films for the in situ QCM experiments was conducted using HfO 2 ALD at 200-300°C with tetrakis(dimethylamido) hafnium (TDMAH; 99.99%, Sigma-Aldrich) and deionized H 2 O. The TDMAH was transferred to a stainless steel bubbler in a dry N 2 -filled glove bag. The stainless steel bubbler temperature for TDMAH was held at 67°C. The TDMAH pressure transients were 5-10 mTorr. The glass bubbler containing water was degassed by freeze-pump-thaw cycles and was maintained at room temperature. The growth of the Al 2 O 3 ALD thin films for the in situ QCM experiments was conducted using trimethylaluminum (TMA; 97%, Sigma-Aldrich) and H 2 O at 250°C.
The Al 2 O 3 , HfO 2 , ZrO 2 , SiO 2 , Si 3 N 4 , and TiN thin films on silicon wafers for the ex situ spectroscopic ellipsometry studies were provided by SEMATECH. 21 The Al 2 O 3 , HfO 2 , ZrO 2 , and TiN films were prepared by semiconductor ALD processes in commercial tools. The SiO 2 and Si 3 N 4 films were deposited by chemical vapor deposition in a high volume single wafer tool. The thickness of all the initial films was targeted to be ∼50 Å. Actual thicknesses were in the range of 39−68 Å as determined by SE measurements.
B. Etching reactants
HF-pyridine [HF-pyridine (70 wt%), Sigma-Aldrich] was used as the fluorination reactant. HF-pyridine enables the safe handling of anhydrous HF. HF-pyridine is a liquid at room temperature and is known as Olah's reagent. 38 The HF-pyridine solution has an equilibrium with gaseous HF. HF dominates the vapor pressure of HF-pyridine. 25 Previous mass spectrometer analysis has shown that the HF pressure over the HF-pyridine solution is 90-100 Torr at room temperature. 25 Mass signals for pyridine were not detected by the mass spectrometer during HF exposures. 39 The HF-pyridine was transferred to a gold-coated stainless steel bubbler in a dry N 2 -filled glove bag. The HF-pyridine precursor was maintained at room temperature. A variable conductance valve was adjusted to produce HF pressure transients of 80 mTorr during the HF exposures.
Titanium tetrachloride (TiCl 4 , 99.0% Fluka) was transferred to a glass bubbler in a dry N 2 -filled glove bag and maintained at room temperature. TiCl 4 has a vapor pressure of ∼10 Torr at 20°C. A variable conductance valve was adjusted to produce TiCl 4 pressure transients of 120 mTorr during the TiCl 4 exposures.
C. Viscous flow reactor equipped for in situ QCM measurements A viscous flow reactor was used to perform the ALE reactions. 40 The details of this reactor for thermal ALE experiments have been described previously. 20, 24, 25, 30 Briefly, a proportional-integral-derivative temperature controller (2604, Eurotherm) held the temperature within ±0.04°C for accurate QCM measurements. The QCM RC crystal (gold coated and polished, 6 MHz, Colnatec) was positioned in a sensor head (BSH-150, Inficon). The sensor head was also sealed with high temperature epoxy (Epo-Tek H21D, epoxy technology) to prevent deposition on the back side of the QCM crystal. 40 The QCM measurements were recorded using a thin film deposition monitor (Maxtek TM-400, Inficon).
A mechanical pump (Pascal 2015SD, Alcatel) was used to pump the reactor. A constant total flow of 150 sccm of ultrahigh purity N 2 carrier gas into the reactor was delivered by three separate mass flow controllers (Type 1179A, MKS). Additional N 2 gas flow of 20 sccm was provided using a metering bellows-sealed valve (SS-4BMG, Swagelok) to prevent deposition on the backside of the QCM crystal. 40 A base pressure of ∼1 Torr in the reactor was produced by the total N 2 gas flow of 170 sccm.
D. Spectroscopic ellipsometry measurements
The thicknesses of the various thin films on the Si wafers were determined by SE measurements. 
III. RESULTS AND DISCUSSION
A. HfO 2 ALE using HF and TiCl 4
HfO 2 ALE was studied by QCM measurements using sequential exposures of HF and TiCl 4 reactants. 
This fluorination reaction will result in a mass increase of 12% from 210.5 amu for HfO 2 to 254.5 amu for HfF 4 . The overall mass loss of ΔM HF = −5.9 ng/(cm 2 cycle) indicates that the replacement of chlorine by fluorine is also occurring during the HF exposure. The chlorine surface species are present as a result of the previous TiCl 4 reaction.
The exchange of Cl with F from HF is a thermochemically favorable reaction. This Cl/F exchange can be modeled by the fluorination reaction 42 HfCl 4 
Cl/F exchange leads to an overall mass loss resulting from the higher atomic mass of Cl compared with F (35.5 vs 19.0 amu). 
Mixed metal chlorides/fluorides, such as HfF 4−y Cl y and TiCl 4−z F z , are the likely etch products if the mixed metal halides are volatile at the reaction temperature. These mixed metal chloride/fluoride species may have more favorable thermochemistry. Mass spectrometry analysis is required to confirm the identity of the volatile etch products. Figure 3 displays the self-limiting behavior of the HF and TiCl 4 reactions during HfO 2 ALE. The HF and TiCl 4 exposures were defined by minidoses that were less than the exposures required for self-limited exposures in the saturation regime. The minidoses in Fig. 3 were reactant exposures for 0.5 s at pressures of ≤80 mTorr for HF and ≤120 mTorr for TiCl 4 .
ΔM HF reveals a small mass loss and levels off at 250 and 300°C as shown in Fig. 3(a) . This behavior is consistent with the favorable fluorination exchange of chlorine surface species and the fluorination of HfO 2 to HfF 4 . The first minidose of HF is responsible for Cl/F exchange and produces the largest mass decrease. The minidoses after the first HF minidose can then contribute by producing additional Cl/F exchange and also fluorination of HfO 2 . Figure 4 illustrates the proposed reaction mechanism for HfO 2 ALE using HF and TiCl 4 as the reactants. This proposed reaction mechanism is based on the mass changes during the HF and TiCl 4 exposures as revealed by the QCM experiments. This schematic does not show the surface species that do not change. For example, HfF x species that are not removed by TiCl 4 and HfCl y species that are not exchanged by HF may be present for the entire reaction.
In the fluorination reaction (a), Fig. 4 shows that HF reacts with Cl surface species to form F surface species and HCl reaction products. HF also reacts with the underlying HfO 2 film to produce an HfF 4 surface layer and H 2 O reaction products. There is also a possibility that OH species could remain on the surface if the H 2 O desorption kinetics are not favorable.
In The Arrhenius plot of ln(−MCPC) vs 1000/T is shown in Fig. 7 . This Arrhenius plot yields an activation barrier E a = 9.5 ± 0.4 kcal/mol. Because the temperature dependence of the MCPC is largely determined by ΔM TiCl 4 , this activation barrier is more closely tied to the ligand-exchange reaction. The ligand-exchange reaction is believed to occur via a four-center ring transition state. The activation barrier could be related to the transition state for this four-center ring reaction. Alternatively, the activation barrier could be defined more by the desorption barrier to remove the etch products from the surface.
The individual ΔM HF , ΔM TiCl 4 , and MCPC values are listed in Table I . The etch rates in Å/cycle are also given in Table I . These etch rates were calculated using the MCPCs and an XRR density of 9.6 g/cm 3 for the HfO 2 ALD film. The ratio of ΔM TiCl 4 =MCPC is also listed in The surface chemistry for HfO 2 ALE during the sequential HF and TiCl 4 exposures can be modeled as the following two reactions:
The parameter x designates the number of HfCl 4 * species on the HfO 2 surface relative to the number of HfO 2 units that are etched during one HfO 2 ALE cycle. The asterisks designate the surface species, and the vertical lines distinguish the surface species from the underlying surface layer. Equation (4) assumes that HF converts the HfO 2 and HfCl 4 * surface species to HfF 4 . The HF exposure removes all the Cl species. As mentioned in Sec. III A, HfCl 4 may not be the thermochemically favorable reaction product. The actual reaction product may be a mixed fluorine/chlorine species such as HfF 4−y Cl y . However, HfCl 4 is employed in this surface chemical analysis for simplicity. Equation (5) assumes that TiCl 4 transfers Cl to the surface and does not leave any Ti species.
The overall proposed reaction can be described by
MCPC is the total mass change per cycle and MCPC ¼ ΔM TiCl 4 þ ΔM HF . The ratio of ΔM TiCl 4 =MCPC can be expressed as
M designates the molar mass in Eq. (7). x can then be obtained from the rearrangement of Eq. (7) x
The ratios for ΔM TiCl 4 =MCPC and the molar masses determine the x values for HfO 2 ALE that are given in Table I In contrast to x, the product xMCPC is fairly constant at different reaction temperatures. The product xMCPC is 35-41 ng/cm 2 at 200-300°C. This nearly constant value occurs because the HfO 2 etch rate increases while x decreases at higher reaction temperatures. This xMCPC value is proportional to the absolute HfCl 4 * coverage during HfO 2 ALE. The nearly constant xMCPC values in Table I indicate that the absolute HfCl 4 * coverage does not change significantly versus the reaction temperature.
The HfO 2 mass density of 9.6 g/cm 3 is equivalent to a number density of ρ = 2.7 × 10 22 "HfO 2 units"/cm 3 . Assuming a square lattice, this number density yields an estimate for the number of "HfO 2 units" on the HfO 2 surface of ρ 2/3 = 9.10 × 10 14 "HfO 2 units"/cm 2 . This coverage of "HfO 2 units" is equivalent to an HfO 2 mass of 320 ng/cm 2 . Using this HfO 2 mass as a reference, the xMCPC value of 35-41 ng/cm 2 is consistent with an HfCl 4 * coverage that is equivalent to 11-13% of the HfO 2 units on the HfO 2 surface. Likewise, the Cl coverage is equivalent to 44-52% of the HfO 2 units on the HfO 2 surface. that may be related to surface cleanliness. All of the various films in Fig. 8 (a) were in atmosphere prior to the etching experiments. Figure 8 (b) displays the film thickness versus the number of HF and TiCl 4 reaction cycles for the ZrO 2 , HfO 2 , and Al 2 O 3 films. The linear least-squares fittings of the data in Fig. 8(b) yield etch rates of 0.38 and 0.21 Å/cycle for the ZrO 2 and HfO 2 films, respectively. In contrast, the Al 2 O 3 film was not etched by the sequential HF and TiCl 4 exposures.
The observed selectivity in thermal ALE using HF and TiCl 4 as the reactants at 250°C is very similar to the observed selectivity using HF and SiCl 4 as the reactants at 350°C. 21 HfO 2 and ZrO 2 were both etched and Al 2 O 3 was not etched using SiCl 4 and HF as the reactants. 21 Thermochemical calculations were employed to explain the lack of Al 2 O 3 etching using HF and SiCl 4 as the reactants. Thermochemical calculations indicated that the ligandexchange reaction of SiCl 4 with AlF 3 to yield SiF 4 and AlCl 3 was not favorable. 21 In contrast, the ligand-exchange reactions between SiCl 4 and ZrF 4 or HfF 4 to yield SiF 4 and ZrCl 4 or HfCl 4 were thermochemically favorable at >200°C. 21 Different metal reactants and fluorination reactants will be required to etch selectively one material or several materials in the presence of various different materials. This etch selectivity will be required for area selective deposition and area selective etch. 5 Additional studies of other metal reactants and fluorination reactants are needed to obtain this desired selectivity. This selectivity will require a detailed understanding of the underlying surface chemistry during thermal ALE. In addition, higher levels of selectivity may also need new etching mechanisms or procedures to block etching that are material specific.
IV. CONCLUSIONS
TiCl 4 was used as a new metal chloride reactant for thermal HfO 2 ALE. In situ QCM measurements were used to study thermal HfO 2 ALE using HF and TiCl 4 
